Abstract-This paper describes a rare occurrence of nontronite associated with sulfide-bearing felsic metavolcanics, providing evidence of colloidal deposition in open spaces as result of a low-temperature water-rock interaction. Microbotryoidal masses of green nontronite with impurities of kao linite, illite, barite, amorphous silica and iron oxyhydroxides are found as vein and cavity fillings in deeply kaolinized rhyolites and rhyolitic tuffs of Precambrian age, at Oliva de Merida in SW Spain. Clay mineral characterization has been carried out by X-ray diffraction, infrared spectroscopy, thermal analysis, analytical electron microscopy and stable isotope (oxygen and hydrogen) analysis. Nontronite was formed under low-temperature alteration conditions, from a continuous sequence of reactions and aqueous solution compositions, involving two basic processes that acted in concert: oxidative dissolution of pyrite and hydrolysis of K-feldspar. After acidity neutralization, dissolved silica released by incongruent dissolution of K-feldspar reacted with ferric sulfate derived from pyrite oxidation to form nontronite under oxidizing conditions, in the presence of relatively warm meteoric water.
INTRODUCTION
Nontronite is a 2:1 swelling phyllosilicate in which tetrahedral sites are predominantly occupied by Si cations, but some replacement of Si by Al and FeH can occur, whereas most of the octahedral sites are filled by FeH (> 1.0 cation per half unit-cell according to Giiven, 1988) , with minor amounts of AI. Thus, the general structural formula for nontronite can be written as follows: Mx + y[Sis x yA lxFe�+][Fd+zAlz]0 2 o (OH)4·nH 2 0, where M refers to exchangeable interlayer cations. N ontronite is regarded, therefore, as the ferric end-member of dioctahedral smectites. Details on its structure and crystal chemistry are given in Gfrven (1988) and references therein.
Although nontronite has been studied extensively, it continues to attract a high level of research interest, especially for interplanetary life. Indeed, this ferric smectite is relevant to the search for life on planets like Mars, owing to its high Fe content and because it can be a potential source of water .
In terrestrial environments nontronite is not abun dant. However, it is common in both oceanic and continental environments and often occurs as an authigenic clay mineral in recent submarine sediments, formed by direct precipitation from hydrothermal fluids 0« E-mail address of corresponding author: caliani@uhu.es discharged from active sea-floor spreading centres (K eeling et al., 2000) . For instance, it is a typical clay mineral of deep-sea sediments from marine white smoker chimneys of the Red Sea, Galapagos rift, Mariana trough, and Juan de Fuca ridge, among other hydrothermal systems (Cole and Shaw, 1983; Murnane and Clague, 1983; Singer et al., 1984; Singer and Stoffers, 1987; Kohler et al., 1994) . In this oceanic environment, nontronite occurs not only near hydro thermal vent openings, but also on the sea-floor by alteration of glassy balsaltic lava flows, as well as microbially-mediated low-temperature reaction of iron oxyhydroxides with silica (Juniper and Tebo, 1995; Ueshima and Tazaki, 2001) .
Under supergene conditions, nontronite is a common weathering product of basalts and ultramafic rocks (e.g. Bender-K och et a!., 1995). It is also found in highly weathered metamorphic rocks, such as schists, gneisses and amphibolites (K eeling et al., 2000) . Moreover, it has been reported in felsic volcanics either as an alteration product of Fe-rich silicates (Shenk and Armbruster, 1985) , or around rootless fumaroles by leaching and dissolution of rhyolitic ignimbrites (Reyes and Read, 2002) .
In this paper we describe a new occurrence of nontronite in Spain which is associated with sulfide bearing felsic volcano-sedimentary rocks. We suggest a model of nontronite formation in these exotic parent rocks based on mineralogical and geochemical data, together with field and petrographic observations. According to IGME (1988), the Precambrian materials constitute the core of the Oliva de Merida anticlinorium, and form part of the Tentudfa-Montemolin series (Eguiluz et al., 1984) , belonging to the Alange Unit of the Obejo Valsequillo-Puebla de la Reina domain. All these rocks were affected by Cadomian tectonothermal events (Quesada, 1990 ) and later they were deformed and metamorphosed during the Variscan orogeny.
MATERIALS AND ANALYTICAL METHODS
A cm-scale grid was used to collect clayey samples from the outcrop examined in the field (section A-B in Figure I ). In addition, a series of representative samples of the host rocks was collected for petrographic analysis. analyzer coupled to the microscope.
The isotopic analyses were performed at the Stable Isotope Laboratory of Salamanca University, using a SIRA series IT spectrometer from VG Isotech. Oxygen was extracted following Clayton and Mayeda's (1963) technique by reaction with ClF3 (Borthwick and Hannon, 1982) . Hydrogen was extracted following the procedures of Godfrey (1962) .
FIELD AND PETROGRAPHIC RELATIONSHIPS
The nontronite occurrences display a clear epigenetic 
Infrared spectral analysis
A typical IR absorbance spectrum of the nontronite ( Figure 6 ) is characterized by two broad bands in the OH-stretching region, centered at �3560 and 3420 cm-I.
The first absorption band is attributed to Fe3+-OH-Fe3+
vibrations indicating an Fe-rich smectite while the second is typically due to water (Petit et al., 2002) . A strong Si-O stretching band appears at 1021 cm-l . The position of this band reflects little or no sustitution of Si by Fe3+ in the tetrahedral sheets (Goodman et al., 1976 ).
In the OH-bending region, three weak bands were observed at 864, 814 and 678 cm -1, which can be assigned to the Fe3+Fe3\OH) unit of nontronite (Russell and Fraser, 1994; Koster et a!., 1999) .
Thermal analysis
The DTA-TGA pattern shown in Figure 7 illustrates the thermal decomposition of a typical nontronite Wavenumber (cm-I ) Figure 6 . IR spectrum of Oliva de Merida nontronite.
sample. The first endothermic peak was observed at 90°C, and it is attributed to the loss of adsorbed water.
As a result of the water de sorption, a loss of 13.4% in weight occurred. The dehydroxylation endothennic effect took place at 470°C, and the weight loss during the dehydroxylation process was 5%. The analyses show that the nontronite from Oliva de Merida has a thermal behavior similar to, but less complex than, nontronite described at other localities , although the less complex pattern could be a conse quence of different heating ratios. For instance, Ding and Frost (2002) carried out the controlled rate thermal analysis operating at much slower heating rate (2°C), thus obtaining two overlapping dehydroxylation steps.
The observed dehydroxylation temperature is consis tent with the measured b unit-cell dimension (Figure 8 ),
and also with the Fe content inferred by XRD, according to the regression equation given by Brigatti (1983) .
Analytical scanning electron microscopy
The SEM images ( 
Stable isotope analysis
The stable isotope ratios of hydrogen (D/H) and oxygen ( '6 0/ 18 0) of a representative nontronite sample are -85.7 and +16.3%0, respectively, relative to SMOW.
It can be assumed that nontronite has retained its original isotopic composition because no post-formational pro cess is evident from field and petrographic relations. As shown in Figure 11 , the oD value plotted against the 00 value depicts a point in the supergene field (on the right of the S/H line), close to the kaolinite line, thus indicating that the nontronite mineralization was formed in equilibrium with meteoric waters (Sheppard and Gilg, 1996) .
Clay minerals in low-temperature environments record the oD and 00 values and temperature of the waters from which they formed because isotopic exchange rates are very slow (Kyser, 1987) .
The oxygen isotope composition of water with which nontronite formed under equilibrium conditions can be calculated from the following equation, derived by Delgado and Reyes (1996) Dehydroxylation temperature (0C) In this case, the BO value obtained for the water is lated by means of the global meteoric water line equation (Craig, 1961) :
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8"0 % (SMOW) Figure 11 . Hydrogen and oxygen isotope ratios of a representa tive nontronite sample and calculated isotope composition of water in equi librium with nontronite. The meteoric water line (Craig, 1961) , kaolinite weathering line (Savin and Epstein, 1970 ) and supergene/hypogene (S/H) line are given for reference.
the oD value calculated for the water is -29.20/00. The results are in the range of those of the present-day rainwater values (Alley and Cuffey, 2001 ). Lastly, in order to constrain the temperature of nontronite formation, we have used the equation derived by Delgado and Reyes (1996) for smectite which originated in open systems with high water-rock ratios and relatively low temperatures: 3.54 x 10 6 r 2 -oOsm -0.1250Dsm + 8.95
thus obtaining a temperature of -40°C. Accordingly, the nontronite mineralization was formed from the weathering of the felsic metavolcanics under low-temperature altera tion conditions. The age of weathering is llllcertain because the Precambrian basement in SW Spain has been exposed to surface conditions since Late Carboniferous times.
NONTRONITE FORMATION
Three basic stages can be proposed in the nontronite formation process: (1) oxidation of pyrite and generation of acidic waters; (2) hydrolysis of K-feldspar and acid neutralization, and (3) precipitation of nontronite.
Stage 1: oxidative dissolution of pyrite and acid generation
Oxidative dissolution of the pyrite hosted in the felsic metavolcanics and black schists took place during the weathering in the presence of meteoric water and excess of free oxygen, through the reaction:
producing acid (two moles of H+ by oxidation of one mole of pyrite) and leading to an increase in the chemical activities of S and Fe species in the aqueous solution. Because of the lowering of pH, Fe2+ was oxidized to FeH according to the reaction:
thus accelerating the pyrite oxidation rate because ferric Fe replaces oxygen as an oxidizing agent. In fact, the observed pyrite oxidation rate in the laboratory ranges between 1.08 x 10 1 5 and 1.8 x 10 1 4 mol cm 2 s 1 , but these rates can be increased by about 100 times in the presence of ferric iron in solution (Nicholson, 1994 ). An assesment of acid generation of the sulfide bearing felsic rocks can be made following Paktunc's (1999) approach:
where AP is the acid potential of rocks, Ns is the number of moles of sulfuric acid formed by the oxidation of 1 mole of pyrite, Wa is the molecular weight of sulfuric acid, Ws is the molecular weight of pyrite, and Xs is the percentage of pyrite in the rocks. Considering that the felsic metavolcanics contain 5% of pyrite on average, the acid potential was -82 kg of sulfuric acid equiva lents per ton, which represent the volume of acid produced by the pyrite oxidation.
Stage 11: hydrolysis of alkali feldspar and acid neutralization
As mentioned previously, the masses of nontronite are found in deeply kaolinized rhyolites and rhyolitic tuffs suggesting that hydrolysis of K-feldspar occurred as result of acid rock drainage. For simplicity, the water rock interaction process can be described by incongruent dissolution of the K-feldspar to form kaolinite under acidic conditions, via the reaction:
More silica is present in the K-feldspar structure than is needed to form kaolinite, therefore some silica remains dissolved in the aqueous solution, together with K and suI fate ions.
Although the dissolution kinetics of K-feldspar are very slow (Blum and Stillings, 1995) , the hydrolysis reaction consumed acid and became an important neutralization mechanism of the acidic water (two moles of K-feldspar were necessary to neutralize one mole of sulfuric acid). Despite their long-term buffering capacity, the felsic metavolcanics were alkaline enough to neutralize the acidity of the solutions, as determined on the basis of the net neutralizing potential (Paktunc, 1999) .
The neutralizing potential (NP) can be calculated by:
NjWj where Wa is the molecular weight of sulfuric acid, Xi is the percentage of K-feldspar in the felsic rocks, Ni is the number of moles ofK-feldspar required to consume one mole of sulfuric acid, and Wi is the molecular weight of the K-feldspar. Assuming that K-feldspar is by far the most abundant neutralizing phase in the felsic metavol canics (60% on average), the bulk neutralizing potential calculated with this approach is -105 kg of sulfuric acid equivalent per ton. Since the net neutralization potential (NNP), i.e. the balance between NP and AP, is positive (NNP = 105-82 = 23 kg/ton), it can be concluded that the acidic solution was neutralized by the dissolution of the K-feldspar. The combined reaction of acid generation by pyrite oxidation and neutralization of the acidic solution by K-feldspar dissolution promoted a suitable environment for nontronite formation.
The major chemical species dissolved in the acidic aqueous solution from the above reactions were FeH, K+, SO� and silica. After acidity neutralization, the dissolved silica reacted with ferric sulfate derived from the pyrite oxidation to form nontronite under oxidizing conditions. This reaction can be written as follows:
Significant concentrations of A13+ may be dissolved in acidic (pH <4) aqueous solutions during the weath ering (e.g. Huang and Keller, 1972) . It can be assumed therefore that some of the AIH dissolved in the acidic aqueous solution was incorporated in the nontronite after acidity neutralization.
The volume of nontronite mineralization was con trolled by the abundance of pyrite originally contained in the felsic rocks, and the extent of K-feldspar dissolution. The dissolution rate of the feldspar presumably deter mined the rate of the overall nontronite formation process.
It must be emphasized that nontronite started to precipitate once the acidic water was neutralized. Harder (1976) demonstrated from laboratory synthesis experi ments that nontronite precipitation is achieved at surface temperatures with a pH >6. Similarly, accompanying phases such as Fe oxyhydroxides, amorphous silica and illite were formed by way of the following reactions:
Fe 3 + + 2H20 -FeOOH + 3H+ (5) H4Si04 -Si02 (amorphous silica) + 2H20 (6) K+ + 3A1 3 + + 3H4Si04 -KAI3Si30 1 0(OH)2 + lOH+ (7) With respect to the occurrence of authigenic barite in the green clays, since Ba is a common minor element in the K-feldspar structure (e.g. Deer et al., 1992) , it can be readily explained by reaction of dissolved suI fate with Ba ions released into solution from the feldspar hydrolysis.
The colloform texture suggests that nontronite was deposited in fissures and open spaces, as a colloidal gel from a percolating supersaturated fluid, and it developed into larger and more ordered crystals with time. Hence, the structural discontinuities and other discrete path flows of the felsic rock acted as channelways for relatively warm meteoric water along fault zones. The formation temperature (-40°C) suggested by oxygen isotope composition is consistent with that of other nontronites formed under low-temperature alteration conditions «70°C) in both continental and oceanic environments (K 6ster et al., 1999) .
The above genetic interpretation is based not only on the field, mineralogical and geochemical data presented here, but it is also supported by the experimental results of Decarreau et al. (1987) and Mizutani et al. (1991) who synthesized nontronite from silica gels and iron sulfate under oxidizing conditions.
CONCLUSIONS
The Precambrian sulfide-bearing felsic metavolcanics of the Oliva de Merida underwent a low-temperature water-rock interaction process, resulting in complete oxidation of pyrite and subsequent precipitation of nontronite through a sequence of reaction products and aqueous solution compositions. The nontronite forma tion process can be summarized as follows: (1) produc tion of acidic aqueous solution from interaction of meteoric water with sulfide-bearing felsic rocks; (2) dis solution of K-feldspar under the influx of acidic waters, release of cations and acidity neutralization; (3) non tronite precipitation through fissures of the felsic metavocanics from dissolved components in solution, after acidity neutralization.
